Despite approximately 2.6 million stillbirths occurring annually, there is a paucity of systematic biological investigation and consequently knowledge on the causes of these deaths in low-and middle-income countries (LMICs). We investigated the utility of minimally invasive tissue sampling (MITS), placental examination, and clinical history, in attributing the causes of stillbirth in a South African LMIC setting.
In 2015, the estimated number of stillbirths (2.6 million) approximated neonatal deaths (2.7 million) [1] , 98% of which occurred in low-and middle-income countries (LMICs). Furthermore, the annual rate reduction of stillbirths from 2000 to 2015 was 2%, which was lower than rate reduction in neonatal mortality (3.1%) and deaths in children aged 1-59 months (4.7%) [2, 3] . The United Nations Children's Fund-adopted "Every Newborn Action Plan" aspires to reduce stillbirth rates from 18.4 per 1000 births in 2015 to 12 per 1000 births by 2030 [4] . The paucity of systematic investigation and consequent limited understanding of the causes of stillbirth in LMICs is recognized as a major impediment in achieving this goal.
Currently, estimates on causes of stillbirth in LMICs are premised on limited vital registration and verbal autopsy data, coupled with modeling of known risk-factor prevalence [1] . The ubiquitous absence of biological investigation of stillbirths in LMICs is multifactorial-resources are limited and a significant proportion of cases occur at home and thus outside of the health systemand is compounded by cultural issues related to acceptability of postmortem autopsies [5] . Detailed investigation on the causes of stillbirths was undertaken by the Stillbirth Collaborative Research Network (SCRN) in a multicenter study in the United States between 2006 and 2008, when the stillbirth rate was 6 per 1000 births. The most informative tools in attributing the cause of stillbirth in the SCRN study were maternal medical record review, placental examination and histology (52.3%), complete diagnostic autopsy (CDA, which included bacterial culture of tissue samples; 31.4%), and karyotyping (9%) [6] .
To overcome the obstacles of undertaking CDA in LMICs, a Mozambican study compared the utility of minimally invasive autopsy (MIA) to CDA for attributing the cause of stillbirths and neonatal deaths [7] . A cause of stillbirth was attributed to 89% of 18 stillbirths investigated by CDA and in 83% based on MIA findings. There was moderate concordance (κ = 0.78 [95% confidence interval, .56-.99]) in the cause of death (CoD) attribution between the 2 methods, despite the absence of placental examination and not using any clinical information when evaluating for the CoD.
The aim of our study was to pilot the utility of minimally invasive tissue sampling (MITS, also referred to as MIA), together with maternal medical record review and placental macroscopic and histological examination, in attributing the cause of stillbirths in an LMIC setting in South Africa.
METHODS

Study Population and Site
The study population and study methods are described in the companion article on neonatal deaths in this supplement [8] . In brief, the study was done at Chris Hani Baragwanath Academic Hospital (CHBAH), Soweto, a secondary-tertiary hospital, where approximately 75% of 28 000 annual births in Soweto occur. CHBAH was the only public hospital at the time of the study in Soweto (unpublished administrative data, Obstetrics Department, CHBAH). While additional deliveries occur at 5 midwife-operated units in Soweto, women who are deemed to be high risk according to national guidelines are referred to a hospital, including women in preterm labor, those presenting with a stillbirth, or who had a previous stillbirth. The stillbirth rate in Soweto was 22.5 per 1000 births in 2016, which is higher than that estimated for South Africa based on vital registration data (14 per 1000 births in 2015) [2] .
Study Design
This prospective, observational study enrolled stillbirths delivered at CHBAH from 20 July 2015 to 8 August 2016. Stillbirths were defined as absence of any signs of life diagnosed either before delivery by sonography, or at birth by the attending clinician/midwife. In this study, we limited enrollment to stillbirths weighing ≥1000 g based on World Health Organization (WHO) reporting criteria [4] . Furthermore, we prioritized stillbirths from women who had consented to partake in a parallel observational study assessing for serocorrelates of protection against invasive group B Streptococcus (GBS) disease (ClinicalTrials.gov registration number: NCT02215226), followed by women who consented to study participation after confirmation of an intrauterine death or delivery of a stillborn baby. Assessment of gestational age of the stillbirths was based on the last menstrual period or on ultrasound findings performed as standard of care.
The study staff retrospectively abstracted clinical information from maternal medical records, including details on the mother, antenatal care, and labor history using a standard template. Stillbirths were categorized by timing of fetal death: antepartum, that is, fetal death confirmed by ultrasonography prior to the onset of labor; or intrapartum if there was evidence of fetal life during active labor by physical examination, cardiotocography, or ultrasonography.
Minimally Invasive Tissue Sampling
Trained study staff undertook the MITS procedure. Detail of the methods used for undertaking MITS, including histological evaluation, is described elsewhere in this supplement [8] . In brief, this included multiple core tissue biopsies of the brain, left and right lung, and liver. The first tissue sample from each site was sent for culture (lung and liver), the second sample was used for molecular microbiological tests (lung only), and 6 subsequent tissue samples were sent for histopathology (brain, lung, and liver). Microbial culture and molecular testing were done on blood and cerebrospinal fluid (CSF) samples.
Placental Examination
Following delivery, the placenta was retrieved and weighed prior to resecting a wedge of the parenchymal tissue and chorioamniotic membranes, which was placed in a sterile container for bacterial microscopy and culture. The rest of the placenta was then immersed in 10% buffered formalin and transported to Lancet Laboratories (Johannesburg, South Africa). Placental examination included macroscopic visualization, following which the histopathologist selected portions of placenta, which were embedded in paraffin and processed for routine hematoxylin and eosin staining using standard protocols [9] .
Molecular Tests
Details of the molecular testing for organisms presence in blood, lung, and CSF samples is as described in the companion manuscript on neonatal deaths [8] . The testing used a commercially available multiplex polymerase chain reaction (PCR) assays (Fast-Track Diagnostics [FTD], Sliema, Malta), and was done at the Respiratory and Meningeal Pathogens Research Unit laboratory. CSF samples were tested using the FTD-Neuro-9 meningitis panel, which included probes for cytomegalovirus (CMV), Epstein-Barr virus, adenovirus, herpes simplex virus 1 and 2, varicella zoster virus, enterovirus, parechovirus, human herpesvirus 6 and 7, and parvovirus B19. Lung and blood sample molecular testing was done using the FTD-Neonatal Sepsis kit, which included probes for CMV, group B Streptococcus, Listeria monocytogenes, Escherichia coli, Staphylococcus aureus, Chlamydia trachomatis, and Ureaplasma urealyticum/ parvum. The molecular assays were not specifically designed for investigating infectious causes of stillbirths.
Determination of Cause of Death
The CoD attribution was based on consensus opinion of a multidisciplinary international panel of specialists (listed under the Determination of Cause of Death [DeCoDe] panel, see Acknowledgments), as described in the Supplementary Materials and elsewhere [8] . The framework for reporting on the CoD was based on the 2016 WHO perinatal CoD reporting recommendations [10] , which includes recording of the "underlying" condition which led to the sequence of events culminating in fetal demise, and the most "immediate" medical event that caused the fetal death.
Statistical Analysis
Demographic and clinical data are summarized using means and standard deviations or medians and range where appropriate. Student t tests were performed to compare means and the Wilcoxon-rank sum test was used for nonnormal quantitative data. Fisher exact test was used for comparing categorical variables. Standardized weight scores were calculated using the International Fetal and Newborn Growth Consortium for the 21st Century standards and small for gestational age was defined as a standardized score (z score) < −2 [11] .
Ethical Considerations
The study was approved by the Human Research Ethics Committee (HREC 15021) of the University of the Witwatersrand, and registered at the South African National Department of Health Trials Registry (application number 3988). Grief counseling was administered to bereaved parents and guardians, following which they were informed of the study and provided an opportunity to discuss with other family members prior to consenting. The study staff continued providing grief counseling following the MITS, including when giving feedback on the cause of death.
RESULTS
Overall, 129 stillbirths were enrolled, including 96 (74.4%) antepartum and 27 (20.9%) intrapartum cases; the timing of death was uncertain for 6 cases (Table 1) . Seventy-seven percent of the women with stillbirths were referred to CHBAH from a surrounding midwife-obstetric unit. The median age of the women was 28 years, 17.6% were >35 years of age, and 96.1% were black Africans. The prevalence of maternal human immunodeficiency virus (HIV) and syphilis infection was Comparison of antepartum to intrapartum cases. c Based on retrospective review of available maternal records with adequate documentation of information.
32.0% and 5.8%, respectively. Maternal pregnancy and laborrelated complications included 23.1% with pregnancy-induced hypertension and 21.4% with antepartum hemorrhage. The median time between presentation to the hospital and delivery was 7.5 and 11.8 hours for antepartum and intrapartum stillbirths, respectively (Table 1) .
Two-thirds of the stillbirths had a macerated appearance, which expectedly was more common in antepartum (82.1%) than intrapartum (20.0%) cases (P < .001; Table 2 ). Gross congenital abnormalities were present in 3 stillbirths, including 1 case each of hydrocephalus and anencephaly, and the third being unspecified. The median birth weight and gestational age were 2070 g and 35 weeks, respectively, with 78.1% of stillbirths weighing >1500 g. Small for gestational age (SGA) was present in 17.6% of 102 cases in whom gestational age and birth weight data were available. Two of 41 (4.8%) stillbirths born to HIVinfected mothers had a reactive HIV type 1 PCR test at birth. Testing for HIV by PCR failed in 5 cases of antepartum stillbirths. Overall, the median time between delivery and MITS was 16.8 hours ( Table 2) .
Placental Pathology and Tissue Sample Histopathology
Placentas were available for investigation in 99 (76.7%) stillbirths, including 77 (80.2%) antepartum, cases 21 (70.8%) intrapartum cases and one case in whom timing of stillbirth could not be determined ( Supplementary Table 1 ). Macroscopic evidence of placenta infarction was evident in 26.3% and retroplacental hematoma in 31.2% of cases. Histologically, placental infarction was identified in 50.0% of cases. Of those in which the extent of infarction was quantified (n = 38), 28.9% had ≥20% parenchymal involvement. Chorioamnionitis was histologically evident in 27.6% (n = 27) of placentas, and of those graded, 31.8% had grade I, 40.9% grade II, and 27.3% grade III inflammatory cellular infiltrates. Umbilical cord abnormalities included presence of cord thrombosis (4.2%), cord knots (4.2%), funisitis (3.1%), and chorionic vasculitis (2.2%) ( Supplementary Table 1 ). There were no significant differences in placental findings between antepartum and intrapartum stillbirths.
There was a low yield of adequate samples (<2.5% for any organ) for histopathologic investigation of fetal tissue (Supplementary Table 2 ). The majority of tissue samples were either autolyzed (40.6%-64.8%), had a suboptimal number of core tissues for investigation (0.8%-43.8%), or no targeted tissue was collected at all (13.3%-55.5%).
Underlying Causes of Stillbirth
An underlying maternal cause of stillbirth was attributed by the DeCoDe panel for 64.3% (n = 83) of cases; with the level of certainty graded mainly as "confident" (90%) ( Table  3 ). The DeCoDe panel could not attribute an underlying maternal condition in 35.7% of cases, including 24 (18.6%) cases in which although there was a maternal medical condition that was considered to be a possible risk factor for stillbirths, the DeCoDe panel adjudicated the condition not to have caused the stillbirth. This included 10 women with underlying HIV infection and 3 with multiple pregnancies. In a further 17.1% (n = 22) of cases, there was no attributable maternal condition identified to have caused the stillbirth (Table 3) .
Overall, the leading underlying maternal causes of stillbirth were "maternal hypertensive disorders" (16.3%), "other placental separation and hemorrhage" (14.0%; all diagnosed as abruptio placenta), chorioamnionitis (10.9%), and "other morphological and functional abnormality of the placenta" (7.8%; 5 of 6 with placental histology showing evidence of infarcts). Of the 46 cases without an identifiable underlying maternal cause of stillbirth, 34 of the fetuses had an immediate fetal cause of stillbirth attributed ( Supplementary Table 3 ). This included "fetal infection" as the underlying and immediate CoD in 14 (10.9%) cases, all of which were antepartum deaths. Cumulatively, an underlying maternal or immediate fetal condition was diagnosed as the CoD in 90.7% (117/129) of cases. Other and unspecified morphological and functional abnormalities of placenta One case each of diabetes mellitus in pregnancy, acute vaginitis, primary thrombophilia, infections of genitourinary tract in pregnancy, anemia complicating pregnancy, elderly primigravida and multigravida, pure hypercholesterolemia. c Listing of illnesses considered to be possibly associated with pathogenesis of stillbirth among those cases in which no underlying maternal condition was identified by the DeCoDe panel, and the condition, although present, was not considered to have caused the stillbirth. 
Immediate Causes of Fetal Death
The most common immediate fetal causes of stillbirth were fetal infection (37.2%), "antepartum hypoxia/acute intrapartum event" (35.7%), and "congenital malformations/chromosomal abnormalities" (4.7%) ( Table 4 ). The level of certainty in attributing the immediate CoD by the DeCoDe panel (n = 105), was "confident, " "probable, " and "uncertain but possible" in 60.0%, 29.5%, and 9.5%, respectively ( Table 4 ). The overall contribution of these 3 respective pathogens as the cause of stillbirth was 16.3%, 3.9%, and 3.1% ( Table 4 ). The levels of confidence for attributing infection as the cause of fetal death were 52.1%, 31.2%, and 16.7% as "confident, " "probable, " and "uncertain, " respectively ( Table 4 ). Only 2 (1.6%) stillbirths were attributed to syphilis (1 probable and 1 uncertain), whereas 5 (3.9%) were attributed to disseminated congenital CMV infection with high level of confidence, and 1 (0.8%) case to herpes simplex virus ( Table 4) .
Among the 18 (of 102) stillbirths categorized as SGA, there were no cases where disorders of fetal growth was attributed as the underlying CoD. The specific attributed underlying CoD among these 18 cases included 6 (33.3%) due to "maternal hypertensive conditions" (5 preeclampsia, 1 gestational hypertension without proteinuria); 4 (22.2%) "other and unspecified morphological and functional abnormalities of placenta" (3 placental insufficiency, 1 placental infarction); 1 "other form of placental separation and hemorrhage" (premature separation of the placenta); and 2 "other maternal conditions" (1 unspecified diabetes mellitus in pregnancy and 1 anemia complicating pregnancy). No maternal condition was evident in 5 (27.8%) of the SGA cases, 3 of whom had culture-confirmed fetal infection and 2 of whom had evidence of antepartum hypoxia. 
Association Between "Underlying" and "Immediate" CoD Attribution
Forty-one of 46 (89.1%) stillbirths with "antepartum hypoxia" as an immediate CoD had an identifiable underlying condition predisposing to hypoxia, foremost among which were placental disorders (n = 24/46 [52.2%]) ( Table 5 and Supplementary  Table 3 ). This included 12 cases of "other placental separation and hemorrhage" (26.1%), 8 cases of "other morphological and functional placenta abnormalities" (17.4%), and 2 cases each (4.3%) related to "umbilical cord compression" and "chorioamnionitis. " Furthermore, maternal hypertensive disorders were attributed as the underlying cause of "antepartum hypoxia" in 10 (21.7%) cases.
Among the 48 stillbirths attributed to fetal infection (including sepsis, pneumonia, or meningitis) as the immediate cause, sepsis was the underlying CoD in 10 (20.8%) cases among whom no maternal condition was identified, whereas "chorioamnionitis" and "maternal hypertensive disorders" were the underlying diagnoses in 12 (25.0%) and 9 (18.8%) cases with fetal infection, respectively. Four of 6 (66.7%) stillbirths with congenital abnormalities as an immediate CoD were assessed to have died due to the congenital abnormality in the absence of any underlying maternal condition ( Supplementary  Table 3 ). Although no immediate CoD was attributable to 27 stillbirths, an underlying condition was present in 15, of which 4 (14.8%) were due to "maternal hypertensive disorders" and 6 (22.2%) due to "complications of placenta, cord, and membranes. "
DISCUSSION
This study highlights the potential of blood, lung, and CSF microbial culture and molecular tests (including on organ tissue samples), coupled with maternal clinical medical record review, and macroscopic and histological placenta examination, in ascertaining the causes of stillbirth in an LMIC setting. A cause of stillbirth was identifiable for 90.7% of the 129 stillbirths investigated, including an underlying maternal cause in 63.4% and an immediate fetal cause in 79.1% of cases. The main objective of this pilot study that preceded the multicenter Child Health and Mortality Prevention Surveillance (CHAMPS) program currently under way was to evaluate the utility of MITS as a diagnostic tool, rather than provide conclusive data on the causes of stillbirths. Nevertheless, in addition to indicating the potential of our approach in ascertaining granular causes of stillbirth in LMIC settings, the findings provide insight into the pathogenesis of stillbirths in settings such as ours. This included the potentially underappreciated dominant role of fetal infection as the cause of stillbirth in 37.2% of cases. The leading bacteria implicated in these deaths were E. coli (16.3%), Enterococcus species (3.9%), and GBS (3.1%). In the majority of stillbirths due to sepsis, pneumonia, or meningitis (n = 40), an underlying maternal condition that likely compromised placental integrity and predisposed to such infection was identified. This included "histologically confirmed chorioamnionitis" (n = 9 [22.5%]) and "maternal hypertensive or other disorders" (n = 6 [15%]). Although fetal bacterial infection is a recognized cause of stillbirth [1, 12, 13] , its relative role and characterization of the specific organisms has largely been ill defined in LMICs due to the absence of systematic investigation of these deaths [2] . Illustrative of this is a modeling simulation of stillbirth causes in LMICs, which estimated that 32% of deaths were caused by infections in sub-Saharan Africa. These infections, however, were attributed to malaria (20%), syphilis (11%), and HIV infection (1%), with no mention of the fetal invasive bacterial infection [1] . In our study, which was done in a malaria-free and high maternal HIV prevalence (29%) setting, only 1.6% of stillbirths were attributed to syphilis (despite 5.8% of women screening positive during pregnancy), and none of the cases were attributed to maternal HIV infection.
The recent Mozambican study, which validated MIA to CDA, attributed 22.2% (n = 4) of 18 stillbirths to fetal sepsis; 3 of which were due to GBS [7] . The absence of considering maternal medical records or placenta evaluation in the Mozambican study, however, precluded an assessment on whether underlying maternal or placental conditions predisposed to these infections as is evident in our study. Furthermore, intrauterine growth restriction was attributed as the cause of stillbirth in 39% of cases in the Mozambican study, without any explanation for the possible underlying cause thereof.
In contrast, although 17.6% of stillbirths in our study were assessed as SGA, only 1 death was attributed to a disorder of fetal growth as the immediate CoD (in which "placental morphological and functional abnormality" was identified as the underlying cause). An identifiable, underlying maternal or placental condition was attributed as the cause of stillbirth in 72.2% of stillbirths with SGA. These findings further emphasize the importance of maternal medical history and need for placenta investigation for an in-depth understanding on the causes of stillbirth in LMICs. A more granular understanding of the pathway to fetal death would be instrumental in determining which underlying factors might be modifiable during pregnancy and labor, in the absence of which strategies aimed at preventing these deaths might be misdirected.
Although this was a hospital, facility-based study in a relatively well-resourced setting compared to most other sub-Saharan African countries, antepartum hypoxia (35.7%) was still the leading immediate cause of stillbirths. Our systematic investigation of the cases, however, enabled us to identify the underlying maternal conditions that led to the asphyxia in the majority of the cases. This included intrauterine asphyxia secondary to placenta abnormalities and maternal medical conditions such as hypertension. Such data assist in prioritizing interventions that might prevent these deaths.
Our study observed a low yield of information from histopathology investigation of core biopsies of various solid tissue organs targeted for investigation; this despite MITS being done at a median of 16.8 hours postdelivery, albeit presentation to the hospital was 9.1 hours beforehand and the exact time since death was unknown for antepartum cases. The high number of autolyzed samples (41%-65%) could possibly be due to the lifeless fetus having been in utero at 37°C for a lengthy period. Furthermore, the MITS was undertaken using a standardized approach and without any sonar guidance, which could have contributed to the high percentage of cases in which tissue sampling was either inadequate or no target tissue sample was obtained at all. As such, these data indicate the limitation of core tissue sampling for histopathology examination, especially of macerated stillbirths. The yield of adequate tissue sampling among the stillbirth cases has not been reported on in the Mozambican study [7] . The "blind" MITS approach used, however, provided adequate tissue for histopathology examination among the majority of the neonatal deaths that were investigated as part of the broader study (76.8% with adequate samples, 8.4% with suboptimal number of core samples) and among whom only 0.6% of samples were autolyzed as reported elsewhere in this supplement [8] .
Other limitations of our study include retrospective review of maternal medical records, and failure to retrieve the placenta for macroscopic and histopathology examination in 23.3% of cases, which could have undermined our attribution on the underlying CoD for some cases. In addition, we opportunistically used commercially available molecular assays designed for investigation of viral meningoencephalitis and neonatal sepsis, rather than assays designed specifically to investigate for organisms associated with stillbirths, although there is some overlap.
Another challenge of this study was the interpretation of the repertoire of data available for CoD ascertainment. We chose to determine the causes of stillbirth through deliberation of individual cases by an expert panel. Although this exercise was more intensive than, as an example, that employed in SCRN study in which cases were deliberated upon by 2 obstetricians [6] , it does raise issues on how best to interpret and analyze data to enable comparisons between studies. Recent epidemiological studies in LMICs have developed computer-based hierarchal algorithms for assigning cause of stillbirth. The data underpinning these algorithms were, however, limited to maternal medical record review. The algorithm attributed a cause to 82.9% of the stillbirths, with fetal asphyxia (46.6%) associated with prolonged or obstructed labor (19%), preeclampsia (18%), and antepartum hemorrhage (18%) as the leading cause of death. In addition, infection was attributed as the cause of death in 20.8% of the cases. The absence of biological investigations of these cases, however, prevented ascertainment as to the specific causes of these infections, as well as defining whether underlying placenta abnormalities contributed to the pathogenesis of these infections [14] . Whether such algorithms can be developed with additional layered information such as placental histopathology and culture and molecular test results from stillbirths warrants further consideration. The recently launched CHAMPS project is a case example through which this could be achieved [15] .
In conclusion, this study highlights the potential of maternal medical record review, coupled with targeted MITS and placental macroscopic and histological examination in providing in-depth insight into the underlying and immediate causes of stillbirths in a setting where the stillbirth rate was 23 per 1000 births. Similar data are required from a diversity of settings to better characterize the research agenda and interventions that are required, to achieve the global target of reducing stillbirth rates to 12 per 1000 by 2030 [4] .
